This paper deals with time series analysis on the emission of light from methane-air lean premixed flames. Planar flames formed on a flat burner at the equivalence ratio of unity; cellular flames formed at low equivalence ratios, because diffusive-thermal effects have a destabilizing impact in this range. We measured the light emission to get time series of intensity, and obtained the root mean square (RMS) and power spectrum density of the emission intensity normalized by its average value. The RMS increased as the equivalence ratio decreased, which is due to the increase in the instability level. The power spectrum density had a sharp peak at the frequency corresponding to the typical oscillation of premixed flames, and the 1= f spectrum appeared in the low frequency range. Moreover, we performed time series analysis on the normalized emission intensity. We obtained the attractor and correlation dimension to investigate the characteristics of the dynamic behavior of flame fronts. The characteristics depended strongly on the equivalence ratio, i.e. on intrinsic instability. Consequently, the obtained results suggest that time series analysis on the emission of light is applicable to diagnostics of the instability of premixed flames.
Introduction
Recently, we have focused on lean combustion of methane-air mixtures to reduce emissions of carbon dioxide and nitrogen oxide; this type of combustion is commonly used in many plants. Methane is lighter than air, i.e. the mass diffusion of the deficient reactant is in excess of the heat diffusion, so methane-air lean premixed flames are usually unstable. The instability of premixed flames is observed in experiments as the formation of cellular flames and the dynamic behavior of flame fronts. 1, 2) The intrinsic instability of premixed flames consists principally of hydrodynamic effects induced by thermal expansion through the flame front, and of diffusive-thermal effects induced by preferential diffusion of mass versus heat.
3) Experimental and theoretical investigations show that the shape and behavior of flame fronts are strongly affected by intrinsic instability. [4] [5] [6] [7] [8] Moreover, the characteristics of cellular flames have been numerically investigated in detail by several researchers, [9] [10] [11] [12] based on the diffusive-thermal model equation with constant-density approximation and on the compressible Navier-Stokes equation. Hydrodynamic and diffusive-thermal effects control the dynamic behavior of cellular flames.
Intrinsic instability has a great influence on the dynamic behavior of premixed flames, so it is closely related to fluctuation of the light emission. Thus, we can estimate the level of intrinsic instability by time series analysis on the light emission. This indicates that we can diagnose the characteristics of combustion phenomena by time series analysis. When a technique of time series analysis for combustion diagnostics is established, we can examine the flame instability from a new perspective.
Time series analysis based on nonlinear dynamics is an excellent technique for investigating combustion phenomena. Gotoda and Ueda investigated the characteristics of Bunsen-type flame tip motions from the viewpoint of nonlinear dynamics, reporting that time series analysis is valid for quantifying and predicting the motion of unsteady flames. 13, 14) In addition, one of the authors performed numerical calculations to investigate the chaotic behavior of premixed flames and applied time series analysis to fluctuation of the burning velocity.
15) It was suggested that time series analysis on burning-velocity fluctuation is applicable to diagnostics of the flame instability. By applying this analysis to the emission of light from premixed flames, we can diagnose the flame instability.
In this investigation, we measured the emission of light from methane-air lean premixed flames to obtain the root mean square (RMS) and power spectrum density. We performed time series analysis on the light emission to obtain the attractor and correlation dimension, which are closely related to the characteristics of the dynamic behavior of flame fronts caused by intrinsic instability. The target of the present investigation is to diagnose the flame instability by time series analysis on the emission of light from premixed flames. Ó 2008 The Japan Society for Aeronautical and Space Sciences
Experimental Design
The experimental apparatus is shown in Fig. 1 . Methaneair premixtures flowed into the flat burner (LAVISION), and premixed flames formed on a porous board with 60 mm in diameter. The flow rate of premixtures Q ranged from 25 to 40 '/min, and the equivalence ratio 0 was 0.62 through 1.00.
To measure the emission of light from premixed flames, a photodiode (HAMAMATSU, S1223-01) and interference filter for CH emission (KOSHIN, BWBE431) were used. The output current from the photodiode was converted to voltage (HAMAMATSU, C2719), and its time series signal was recorded digitally with a resolution of 14 bits (KEYENCE, NR-2000). The sampling frequency and sampling time were 500 Hz and 262.144 s, respectively.
The measured emission intensity xðtÞ, varying with time t, was normalized by its average value hxðtÞi as follows:
The RMS and power spectrum density were obtained for the normalized emission intensity yðtÞ. In the present experiments, the characteristics of the emission intensity are independent of the photodiode setting position. Using time series analysis based on nonlinear dynamics, the attractor and correlation dimension of the normalized emission intensity were obtained to investigate the characteristics of the instability of premixed flames.
Fluctuation of the Emission Intensity
Emission intensity is strongly affected by the shape of flame fronts. Figure 2 shows the range of planar and cellular flame shapes, depending on the flow rate and equivalence ratio. Planar flames were observed under stoichiometric conditions, and cellular flames were observed at low equivalence ratios. This occurs because diffusive-thermal effects have a destabilizing impact at low equivalence ratios in methane-air premixed flames. In addition, the cellular-flame range became wider as the flow rate increased, because the instability level becomes higher owing to the increase in the burning velocity.
To investigate fluctuation of the emission intensity, we must obtain the RMS and power spectrum density. The power spectrum densities at Q ¼ 25 and 40 '/min, and 0 ¼ 0:66 and 1.00 are shown in Fig. 4 . In all cases, the power spectrum density P was inversely proportional to the frequency f , i.e. the 1= f spectrum 16, 17) was observed in the low frequency range. In addition, two sharp peaks were found at f ¼ f 1 and f 2 . The first sharp peak at f ¼ f 1 corresponds to the typical oscillation of premixed flames, which is generated mainly by shear flow between the hot burned gas and atmospheric gas. The second sharp peak at f ¼ f 2 is weaker than the first, and f 2 is double f 1 . Thus, f 2 is the harmonic frequency of f 1 .
The typical-oscillation frequency f 1 depends on the flow rate and equivalence ratio. Figure 5 shows the relationships between the typical-oscillation frequency and the equivalence ratio at Q ¼ 25, 30, 35, and 40 '/min. When planar flames were observed, the typical-oscillation frequency became higher as the flow rate increased, because the velocity of the hot burned gas increases with an increase in the flow rate. When cellular flames were observed, the typicaloscillation frequency became lower with a decrease in the equivalence ratio. The results indicate that the appearance of cellular-flame fronts causes the lowness of the typicaloscillation frequency. At 0 ¼ 0:66, cellular flames were observed in all cases, and the typical-oscillation frequency became lower with an increase in the flow rate. This tendency is opposite to the results at 0 ¼ 1:00. We can understand the mechanism of the present results as follows: The cellular-flame range at Q ¼ 40 '/min is wide (0 ¼ 0:66 through 0.80), so the decrease in the typical-oscillation frequency is drastic. On the other hand, the cellular-flame range at Q ¼ 25 '/min is narrow (0 ¼ 0:62 through 0.66), so the decrease is slight. Thus, the typical-oscillation frequency at 0 ¼ 0:66 becomes lower as the flow rate increases, and the typical-oscillation frequency at 0 ¼ 1:00 becomes higher.
Time Series Analysis
To investigate the characteristics of the dynamic behavior of flame fronts, we performed time series analysis of the normalized emission intensity based on nonlinear dynamics. Using time series analysis, we obtained the attractor and correlation dimension.
Attractor reconstruction
In the present investigation, the multi-dimensional attrac- Nov. 2008 S. KADOWAKI and N. OHKURA: Time Series Analysis on the Emission of Lighttor is reconstructed from time series of the emission intensity. Takens embedding theorem 18) is used for the attractor reconstruction, which is similar to the method used in the former investigation. 13, 15) We obtained the m-dimensional vector V ðtÞ in the time-delayed coordinates as:
V ðtÞ ¼ ½yðtÞ; yðt þ (Þ; yðt þ 2(Þ; Á Á Á ; yðt þ ðm À 1Þ(Þ ð2Þ
Constructing the attractor, the embedding dimension m is set to 3, and the time delay ( is assumed to be 1=4 f 1 . Figure 6 shows the reconstructed attractors at 0 ¼ 0:66, and Q ¼ 25 and 40 '/min. Both attractors have a doughnut shape, and this shape is observed in quasi-periodic phenomena. When Q ¼ 25 '/min, the attractor is smaller, and the trajectory is more unstable. When Q ¼ 40 '/min, the attractor is larger, because the RMS of the emission intensity is greater.
The reconstructed attractors at 0 ¼ 1:00, and Q ¼ 25 and 40 '/min are shown in Fig. 7 . Both attractor sizes are similar same, because the RMS is independent of the flow rate under stoichiometric conditions. The trajectory at Q ¼ 40 '/min is somewhat unstable.
Correlation dimension
The correlation dimension, which is one fractal dimension, is obtained to clarify the geometric structure of the reconstructed attractor. To obtain the correlation dimension, the correlation integral method proposed by Grassberger and Procaccia 19) is used. The correlation integral C m ðrÞ is defined as follows:
where N is the integer, r is the radius of m-dimensional hypersphere, and I is the Heaviside function. When the distance between V i and V j is within r, the Heaviside function is unity, and is zero otherwise. The correlation integral scales with the radius of hypersphere according to the power law. 
The scaling exponent À ðmÞ depends on the embedding dimension, and this exponent is the correlation exponent. If fluctuation of the normalized emission intensity is completely random, the correlation exponent increases linearly with the embedding dimension. If fluctuation is chaotic, the correlation exponent is asymptotic to a certain value. This value is the correlation dimension. Figure 8 shows the relationships between the correlation integral and the radius of hypersphere at 0 ¼ 0:66 and Q ¼ 40 '/min, where m ¼ 1 through 10. The slope of the linear part is the correlation exponent. The relationships between the correlation exponent and the embedding dimension at 0 ¼ 0:66 are shown in Fig. 9 . When the embedding dimension is large, the correlation exponent is asymptotic to the specified value, i.e. the correlation dimension. The correlation dimensions at Q ¼ 25, 30, 35, and 40 '/min are 2.01, 1.89, 1.42, and 1.38, respectively. As the flow rate increases, the correlation dimension decreases.
The relationships between the correlation exponent and the embedding dimension at 0 ¼ 1:00 are shown in Fig. 10 . The correlation dimensions at Q ¼ 25, 30, 35, and 40 '/min are 1.41, 1.91, 1.96, and 2.14, respectively. As the flow rate increases, the correlation dimension increases. This dependence of the correlation dimension on the flow rate is opposite to that of 0 ¼ 0:66.
Discussion
Cellular flames form at 0 ¼ 0:66, and the correlation dimension decreases as the flow rate increases. When the flow rate is smaller, the trajectory is more unstable. The dependence of the correlation dimension on the flow rate is different from that of planar flames. Heat loss plays a significant role in the present results.
At low equivalence ratios, diffusive-thermal effects have a great influence on the flame instability. Under these conditions, heat loss promotes the unstable behavior of flame fronts. 20, 21) Thus, heat loss makes the trajectory unstable. When the flow rate increases, heat loss to the flat burner decreases, because the distance between the flat burner and premixed flames becomes larger. Therefore, the correlation dimension decreases as the flow rate increases.
On the other hand, planar flames form at 0 ¼ 1:00, and the correlation dimension increases as the flow rate increases. Under these conditions, heat loss has a stabilizing impact on premixed flames due to the weaker effects of thermal expansion. 22) Thus, the increased flow rate causes the increase in the correlation dimension.
In the present investigation, we performed time series analysis on the emission of light from methane-air lean premixed flames and found that the obtained RMS, typicaloscillation frequency, attractor, and correlation dimension are closely related to the equivalence ratio and flow rate of premixtures. This indicates that we can determine the equivalence ratio and flow rate from the results of time series analysis. The dynamic behavior of flame fronts depends strongly on the equivalence ratio and flow rate, so the results of analyses are related to the instability of premixed flames.
The obtained RMS, typical-oscillation frequency, attractor, and correlation dimension are strongly related to the flame instability as follows: . The RMS quantifies the instability level of the dynamic behavior of flame fronts. When the diffusive-thermal effects have a destabilizing impact (0 < 1), the RMS, which is closely related with the instability level, increases. Consequently, we can use RMS to diagnose the instability level of flame fronts. . The typical-oscillation frequency shows the characteristics of the oscillation of flame fronts. The formation of cellular flame fronts lowers the typical-oscillation frequency. At the same flow rates, the decrease in the typical-oscillation frequency denotes the appearance of cellular flames, so we can find the transition from planar to cellular flames. . The attractor qualitatively indicates the instability level of the dynamic behavior of flame fronts and the degree of complexity. The attractor becomes larger as the instability level becomes higher, and the trajectory becomes more unstable as the degree of complexity rises. . The correlation dimension quantitatively indicates the complexity of the dynamic behavior of flame fronts. Low (high) correlation dimensions mean that the behavior of flame fronts is relatively periodic (complex). Thus, we can diagnose the complexity of the dynamic behavior. As a result, we can find the characteristics of the dynamic behavior of premixed flames by time series analysis on the light emission. Our results suggest that time series analysis on the light emission is applicable to diagnostics of the instability of premixed flames.
The present experiments treated premixed flames in open space and viewed them directly, making it easy to understand the instability of combustion to some extent. On the other hand, it is difficult to view the combustion phenomena directly in a vessel, making it hard to understand the flame instability in this case. However, we can find the dynamic behavior of premixed flames using the present method if we can catch the light emission. In addition, this method is valid for hydrogen flames which are hard to view.
Concluding Remarks
We performed time series analysis on the emission of light from methane-air lean premixed flames. Planar flames form on a flat burner at the equivalence ratio of unity, and cellular flames form at low equivalence ratios. By measuring the light emission, we can obtain the RMS and power spectrum density of the normalized emission intensity. The RMS increases as the equivalence ratio decreases, which is due to the increase in the instability level. The power spectrum density has a sharp peak at the frequency corresponding to the typical oscillation of premixed flames, and the 1= f spectrum appears in the low frequency range. Moreover, we can obtain the attractor and correlation dimension to investigate the characteristics of the dynamic behavior of flame fronts. The characteristics depend strongly on the equivalence ratio, i.e. on intrinsic instability. Consequently, the obtained results suggest that time series analysis on the light emission can be used for diagnostics of the instability of premixed flames.
